miRNAs preferentially bind to CAM 3′ UTRs. To investigate potential roles for miRNAs in mechanical homeostasis, we analysed miRNA-mRNA interactions transcriptome wide using an AGO2-HITS-CLIP (high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation) approach 13 . AGO2-bound miRNAs Vertebrate tissues exhibit mechanical homeostasis, showing stable stiffness and tension over time and recovery after changes in mechanical stress. However, the regulatory pathways that mediate these effects are unknown. A comprehensive identification of Argonaute 2-associated microRNAs and mRNAs in endothelial cells identified a network of 122 microRNA families that target 73 mRNAs encoding cytoskeletal, contractile, adhesive and extracellular matrix (CAM) proteins. The level of these microRNAs increased in cells plated on stiff versus soft substrates, consistent with homeostasis, and suppressed targets via microRNA recognition elements within the 3′ untranslated regions of CAM mRNAs. Inhibition of DROSHA or Argonaute 2, or disruption of microRNA recognition elements within individual target mRNAs, such as connective tissue growth factor, induced hyper-adhesive, hyper-contractile phenotypes in endothelial and fibroblast cells in vitro, and increased tissue stiffness, contractility and extracellular matrix deposition in the zebrafish fin fold in vivo. Thus, a network of microRNAs buffers CAM expression to mediate tissue mechanical homeostasis.
C ells sense physical forces, including the stiffness of their extracellular matrix (ECM), through mechanosensitive integrins, their associated proteins and actomyosin. These components transduce physical forces into biochemical signals that regulate gene expression and cell function [1] [2] [3] . Tissues maintain nearly constant physical properties in the face of growth, injury, ECM turnover and altered external forces (for example, from blood pressure, tissue hydration or body weight) 1, 4, 5 . These effects imply tissue mechanical homeostasis, in which cells sense mechanical loads, due to both external and internal forces, and adjust their rates of matrix synthesis, degradation and organization to keep tissue properties constant. Cell contractility is critical in this process, as it is a key component of both the stiffness-sensing regulatory pathways and the matrix assembly process that governs resultant matrix properties, including stiffness 2, 6 .
Mechanical homeostasis requires that integrin mechanotransduction pathways mediate negative-feedback regulation of the contractile and biosynthetic pathways to maintain optimal tissue stiffness. That is, too soft or low force triggers increased matrix synthesis and contractility, whereas too stiff or high force triggers the opposite. However, in vitro studies have mainly elucidated positivefeedback (or feed forward) circuits, in which rigid substrates or high external forces increase actomyosin contraction, focal adhesions and ECM synthesis 7 . This type of mechanotransduction signalling characterizes fibrotic tissues, in which sustained contractility and excessive ECM compromise tissue function. Very little is known about negative-feedback pathways that are critical to establish proper stiffness or contractility in normal, healthy tissues. microRNAs (miRNAs) are processed via the ribonucleases DROSHA/DGCR8 and DICER 8 into mature 20-21 nucleotide (nt) RNA that recognize abundant and conserved 7-8 nt miRNA responsive elements (MREs) within mRNAs. MREs reside mainly in the 3′ untranslated regions (3′ UTRs) of mRNAs and base pair with the 5′ miRNA mature sequence (SEED region) 9 . The miRNA-MRE pairs are recognized by the Argonaute 2 (AGO2) protein complex, resulting in mRNA destabilization and/or reduced protein expression 8 . Thus, miRNAs can buffer fluctuations in protein levels caused by changes in transcriptional inputs or extracellular factors.
Although miRNAs participate in regulatory feedback loops that contribute to homeostasis in multiple contexts [10] [11] [12] , their role in mechanical homeostasis is currently untested. Here, we describe a miRNA-CAM (cytoskeletal-actin-matrix) mRNA regulatory network that counteracts the effects of the ECM stiffness to promote the mechanical stability of cells and tissues, in both in vitro and in vivo models.
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NATuRe Cell BIOlOgy or mRNAs were isolated from two unrelated human endothelial cell types, which are known to respond to mechanical forces, including ECM loads 3, 14 . We exposed cultured human umbilical artery endothelial cells (HUAECs) and human umbilical vein endothelial cells (HUVECs) to UV light to crosslink protein-RNA complexes. Subsequently, we immunoprecipitated AGO2-RNA complexes, digested unbound RNA (schematic in Fig. 1a ) and prepared complementary DNA libraries containing small (~30 nt AGO2-miRNA) and large RNAs (~70 nt AGO2-target mRNA) ( Supplementary  Fig. 1a ). To identify conserved AGO2-binding sites, we performed high-throughput sequencing of three libraries for each cell type and selected sequence reads shared in all six samples. We aligned these AGO2-binding sites to human miRNA and genome databases and identified 30-70-nt intervals (peaks) significantly enriched above background (P < 0.05; Supplementary Fig. 1a and Methods). This analysis uncovered 316 AGO2-binding peaks within the 3′ UTRs of 127 human genes. These peaks were preferentially located right after the stop codon or right before the polyadenylation site ( Fig. 1b and Supplementary Table 1 ), consistent with the enrichment of regulatory miRNA-binding sites that destabilize mRNAs 15 . Importantly, the human AGO2-binding peaks within these 30-70-nt sequences were highly conserved across hundreds of species (Fig. 1b) , suggesting functional importance.
Gene Ontology (GO) analysis of AGO2-bound transcripts revealed that 73 of the 127 target mRNAs encode actin-and microtubule-associated proteins, focal adhesion proteins, ECM proteins and functionally related regulatory proteins ( Fig. 1c and Supplementary Fig. 1b ). We termed this group the CAM genes. The dramatic enrichment of CAM transcripts in the AGO2 complex is not accounted for by their abundance; indeed, the most transcriptionally active genes in cultured endothelial cells pertained to cell division ( Supplementary Fig. 1b ), which were under-represented in the identified AGO2-binding transcripts. No significant GO terms were associated with the remaining genes identified from the AGO2-HITS-CLIP.
We then searched for specific MRE sequences in AGO2 peaks localized in the 3′ UTRs of the CAM transcripts. We identified 122 miRNA families from AGO2-HITS-CLIP (Supplementary Table 2 ) that recognize one or more AGO2-CAM MREs ( Fig. 1c and Supplementary Table 3 ). Cytoscape software revealed a highly interconnected network of miRNAs binding to CAM transcripts ( Fig. 1c ). Altogether, these data reveal pervasive miRNA-mediated post-transcriptional regulation of multiple CAM genes in endothelial cells.
Post-transcriptional regulation of CAM genes is sensitive to matrix stiffness. CAM proteins are highly conserved and play crucial roles in virtually every cell type as determinants of ECM organization and tissue stiffness 16 . This important function led us to hypothesize that the CAM mRNA-miRNA regulome is mechanosensitive. To test this, we plated endothelial cells on substrates of varying stiffness and used a Sensor-seq strategy 17 to assess post-transcriptional regulation mediated by 97 selected MREs within 51 different CAM 3′ UTRs ( Supplementary Table 4 ). For this purpose, we created a 'CAM sensor library' . Each AGO2-3′ UTR peak containing at least one MRE was cloned downstream of an mCherry reporter in a bidirectional lentiviral vector 18 that co-expressed a green fluorescent protein (GFP) transcript lacking a 3′ UTR (schematic in Fig. 2a ). Thus, miRNAs that target the MRE reduce mCherry levels, leading to a decreased mCherry/GFP ratio. Endothelial cells infected with this CAM sensor library at low levels (to avoid multiply infected cells) were seeded for 48 h on substrates with a rigidity of 3 kPa or 30 kPa, which approximate 'soft' and 'rigid' tissues 19 , respectively ( Supplementary Fig. 2a ). miRNA activity on the MRE sensors was compared with the steady-state level of CAM proteins, as well as the expression of CAM RNAs and miRNAs, in the same cellular settings. Thus, proteomics, RNA and miRNA sequencing were assessed in parallel.
To evaluate CAM sensor reporters, endothelial cells were separated by fluorescence-based sorting into bins according to the mCherry/GFP ratio, using an empty sensor as a negative control (not suppressed) and a miR-125 sensor as a positive control (strongly suppressed). Thus, bins were defined as 'strongly suppressed' , 'suppressed' , 'mildly suppressed' and 'not suppressed' relative to these internal standards (Fig. 2b ). Wild-type (WT) endothelial cells expressing the CAM sensor library showed a broad distribution between the suppressed and not suppressed bins, on both soft and stiff substrates ( Fig. 2b) . Importantly, clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9)-mediated disruption of AGO2 diminished the miRNA levels in endothelial cells ( Supplementary Fig. 2b ,c) and significantly increased the population of 'not suppressed' cells ( Supplementary  Fig. 2d ). Thus, miRNAs are required for post-transcriptional inhibition of CAM sensors.
Sensor vectors from sorted cells were then isolated from each bin and barcoded using PCR primers that recognized each cloned CAM MRE and were compatible with high-throughput sequencing. Combining global miRNA profiling ( Supplementary Table 7 ) and MRE reads from Sensor-seq revealed strong correlations between suppression of CAM sensors and the level of the respective matching miRNAs ( Fig. 2c ). Notably, both miRNA levels and CAM reporter suppression were present on soft substrate at baseline and elevated in cells on stiff substrates ( Fig. 2c ). Interestingly, the levels of most CAM mRNA and respective proteins ( Supplementary Table 5 ) were also generally higher in stiff conditions (Fig. 2c ). These results suggest transcriptional co-regulation between miRNAs and CAM mRNA targets on stiff substrates. Thus, the CAM MRE-miRNA network has the characteristics of a mechanoregulatory buffer of structural protein-coding genes.
Loss of miRNA biogenesis leads to endothelial cell contractility.
To evaluate the function of this miRNA regulatory network, we first examined endothelial cells lacking AGO2 or DROSHA, which have diminished miRNA levels 20 ( Supplementary Fig. 2c ). We stained cells for F-ACTIN, the focal adhesion marker PAXILLIN and the mechanosensitive transcription factor Yes-associated protein (YAP) 21 , and also measured traction stresses using elastic substrates with embedded beads 22 . Relative to control cells, AGO2 mutant cells showed increased actin stress fibres, focal adhesions, YAP nuclear localization and traction stress on both 3-and 30-kPa substrates, as well as on polyacrylamide substrates over a wider range of stiffnesses ( Fig. 3a and Supplementary Fig. 3a ). Consistent with these observations, immunofluorescence analysis revealed that cell spreading and YAP nuclear activation were inversely correlated with AGO2 protein levels ( Supplementary Fig. 3b ). Endothelial cells lacking DROSHA were similarly hyper-adhesive and hyper-contractile, supporting that diminished miRNA levels are the primary cause of these effects (Fig. 3b ). Complementary to this finding, proteomic analysis of endothelial cells lacking miRNAs showed increased levels of several CAM proteins, reminiscent of the increased CAM levels in endothelial cells plated on 30-kPa versus 3-kPa substrates ( Fig. 3c and Supplementary Table 5 ). Together, these data show that the loss of miRNA-mediated suppression of mRNAs increases CAM protein levels and enhances endothelial cell contractility and adhesion.
Blocking individual CAM-miRNA interactions affects endothelial cell mechanotransduction. To further validate the function of the miRNA-CAM mRNA network, we disrupted individual CAM-miRNA interactions. We chose nine of the mechanosensitive CAM MREs (stars in Fig. 2c and Supplementary Table 6 ) in which the MRE was within 20 nt of a protospacer sequence and thus targetable by a guide RNA (gRNA) and Cas9. Genome-wide analyses of miRNA-RNA complexes were crosslinked to AGO2 via UV light, and unbound RNAs were removed by RNase treatment. AGO2-RNA complexes were immunoprecipitated, and RNA was labelled with 32 P and isolated. Right, an Integrative Genomics Viewer display of HITS-CLIP reads showed the sequences aligned within 30-70-nt intervals (AGO2 peak) within the 3′ UTR region of the representative genes. Both HUAEC and HUVEC share the most significant peaks (green). Ab, antibody. b, Left, the chart represents positional enrichment of AGO2 peaks within the human 3′ UTR for HUAEC and HUVEC. The lines indicate the nucleotide positional distribution of peak sequences within meta-gene-analysed 3′ UTRs. Right, the box plot shows difference in conservation scores across samples scoring using PhastCons (Wilcoxon rank sum test). AGO2 peaks in HUAEC and HUVEC and binned human 3′ UTRs were compared with binned 3′ UTRs of 100 species. The conservation score is represented as a box plot with minimum, maximum, median and quartiles (n = 3 independent replica for HUVEC and HUAEC for a total of 383 for HUAEC, 749 for HUVEC and 125,685 for control individual value). c, Left, the schematic shows the CAM AGO2 regulome. AGO2-mRNA targets identified via AGO2-HIT-CLIP are highlighted in green. Integrins, TALIN1 and bone morphogenetic protein receptor 1 (BMPR1) proteins (brown) are part of the CAM's GO term but were not detected by AGO2-HITS-CLIP. Arrows point to downstream regulators of CAM proteins targeted by AGO2. CAM proteins and their regulators were identified by database searches ( Supplementary Fig. 1a and Supplementary Tables 1-3) and manually curated for accuracy. Right, the chart shows the interactome for 25 of the 73 AGO2-CAM genes in which a complementary MRE (7-8 nt) was identified using Target Scan v.7.0 prediction software and miRNAs were identified from AGO2-HITS-CLIP reads using miRbase (Methods). Colour-coded boxes indicate the number of MREs identified in each of the selected CAM gene 3′ UTRs. The lines indicate interaction between MRE and miRNA family members with similar SEEDs. The mRNA-miRNA network shows high complexity, with numerous miRNAs binding to one or more CAM 3′ UTRs, whereas most CAM genes are targeted by more than one miRNA. ARP2, actin-related protein 2; COL4, collagen IV; HSPG2, heparan sulfate proteoglycan 2; MAPKAPK2, mitogen-activated protein kinase-activated protein kinase 2; MYH9, myosin 9; MYL6, myosin light polypeptide 6; NRP1, neuropilin 1; PAI1, plasminogen activator inhibitor 1; RGS5, regulator of G protein signalling 5; TIMP2, metalloproteinase inhibitor 2; TUBA1C, tubulin α -1C chain; TUBB, tubulin β -chain. 
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LG AL S1 TH Table 4 ). b, Left, mCherry and GFP intensities in HUVECs infected with the lentiviral library at 3 kPa and 30 kPa, a negative control (no MRE) and a positive control (3 perfect MREs for miR-125, abundant in HUVECs 45 ). The density plots show the relative intensity of cell distribution using contour lines. Each contour line represents 15% probability (higher = lighter grey, lower = darker grey) of containing cells in each bin over total cells (10,000 cells). Sensor-seq library-infected HUVECs at 3 kPa and 30 kPa were sorted into 4 bins, as indicated, based on mCherry/GFP expression relative to controls. Cells in each bin were isolated and genotyped using a specific Illumina primer for sequencing (Methods). Right, the bar graph shows the percentage of mCherry + cells sorted in each bin from four experiments (mean ± s.e.m.; single experiments are represented by dots). c, CIRCOS 46 Supplementary Table 8 . experiments, *P = 0.0085, unpaired, two-sided t-test) and nuclear-to-cytoplasmic ratio of YAP/TAZ (control: n = 43 cells; AGO2 gRNA: n = 54 cells; dots represent single-cell measurements, representative data from 2 independent experiments, ****P < 0.0001, unpaired, two-sided t-test). The box plot for total force shows total force per single cell (n = 19 cells per group; dots indicate individual cells, from 2 independent experiments, *P = 0.0119, unpaired, two-sided t-test). b, Box plots show quantification of HUVEC treated with shRNA against DROSHA (Methods) and seeded on fibronectin-coated 3-kPa PDMS gels for the cell spread area (shNeg: n = 156; shDRO#2: n = 138 cells, from two independent experiments, ****P < 0.0001, unpaired, two-sided t-test), YAP nuclear localization (shNeg: n = 156; shDRO#2: n = 138 cells, from 2 independent experiments, ****P < 0.0001, unpaired two-sided t-test) and total force per cell (n = 21 cells per group, from 2 independent experiments, ****P < 0.0001, unpaired, two-sided t-test). c, Scatter plot representing the difference in protein expression between HUVEC seeded on 30 kPa versus 3 kPa (x axis) or between HUVECs infected with AGO2 gRNA versus control gRNA (y axis) (n = 3 replicates). Green and red identify CAM proteins with coherent or incoherent differential expression, respectively (Supplementary Table 6 ). Source data can be found in Supplementary Table 8 .
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NATuRe Cell BIOlOgy CAM MREs in endothelial cells treated with gRNA-CRIPSR-Cas9 revealed that nearly 75% of insertions and deletions were within the desired MRE region (± 20 bp) ( Fig. 4a and Supplementary Fig. 4a ).
To test whether MRE-proximal mutations increased the expression of the cognate proteins, we analysed CAM protein levels via immunofluorescence and western blot. Individual CAM levels increased in the respective MRE mutants compared to control cells ( Fig. 4b) , consistent with loss of miRNA-mediated suppression 23 . Finally, we tested the mechanical properties of each CAM MRE mutant population and found, to varying extents, that cell area, YAP nuclear localization and/or traction stresses were significantly higher than control targeted cells ( Fig. 4c ).
Whereas multiple genes clearly contributed to each effect, the gene whose MRE mutation gave the most consistent results across multiple assays was CTGF (encoding connective tissue growth factor). CTGF is a matrix protein that modulates the interaction of cells with the ECM 24 , suggesting that it is a component of a protein-based regulatory network and probably functions via receptormediated signalling to control these functions. Blocking CTGF miRNA repression in endothelial cells via a target protector RNA 
NATuRe Cell BIOlOgy Supplementary Table 8 .
NATuRe Cell BIOlOgy oligonucleotide or MRE mutation had similar effects ( Fig. 4c and Supplementary Fig. 4b ), providing independent support. Notably, no single CAM MRE mutation reproduced the strong phenotype observed after AGO2 downregulation, suggesting that a network of miRNA-CAM mRNA interactions mediates mechanical homeostasis in cells.
miRNA-dependent regulation limits contractility in 2D and 3D
fibroblast models. We next tested the generality of the identified miRNA-CAM gene regulations using fibroblasts as a second model system. Profiling of miRNAs in human dermal fibroblasts (HDFs) seeded on 3-versus 30-kPa substrates showed that miRNAs targeting CAM genes are upregulated on stiff substrates similarly to endothelial cells ( Supplementary Fig. 5a and Supplementary Table 7 ). Depletion of AGO2 in HDFs also increased F-ACTIN and focal adhesion levels, traction forces and YAP localization compared to control cells ( Fig. 5a and Supplementary Fig. 5b ).
To determine whether the miRNA-mediated network functions at the tissue level, we examined primary mouse dermal fibroblasts in a 3D matrix. Cells suspended in attached fibrin gels contract and replace the fibrin with their own matrix over about 5 d ( Fig. 5b) , providing a 3D model of cell behaviour. Transduction of freshly isolated cells with a CRISPR-Cas9-gRNA virus targeting Ago2 reduced Ago2 protein levels by ~50-60% ( Supplementary Fig. 5c ). Ago2-depleted fibroblasts in 3D matrix generated tissue constructs with reduced diameters but no significant change in cell numbers ( Fig. 5b ). Immunostaining transverse sections of these constructs confirmed the decreased diameter, based on staining with the cytoskeleton protein vimentin ( Fig. 5c ). Staining for phosphorylated myosin light chain was elevated, consistent with increased contractility ( Fig. 5c ). These data indicate that reducing miRNA-dependent regulation stimulates fibroblast contraction of the 3D matrix.
miRNA-dependent regulation controls tissue stiffness and wound healing in vivo. We next tested whether miRNAs regulate mechanical homeostasis in vivo using the zebrafish fin-fold regeneration model 25 . The fin fold is a non-vascularized appendage comprising a few layers of epidermis and fibroblast-like cells 26 . Wounding triggers a healing response mediated by a conserved and rapid matrix remodelling-and actomyosin-based process that involves the formation of a provisional matrix, inflammatory cell invasion, cell migration, proliferation and resolution 27 .
To investigate miRNA-dependent regulation of mechanical homeostasis in zebrafish, we first examined embryos that carry a maternal zygotic homozygous mutation in ago2 (mz ago2 −/− ) 28 , which show reduced levels of Ago2 and of miRNAs ( Supplementary Fig. 6a ). To evaluate miRNA activity in the fin fold, we co-injected an miRNAsensitive GFP mRNA, containing three perfect miR-24 MREs within the 3′ UTR 29 , with an miRNA-insensitive mCherry control mRNA. As expected, mz ago2 mutants showed elevated levels of GFP, but not of mCherry, when compared to WT embryos, confirming reduced miRNA-mediated suppression ( Supplementary Fig. 6b ).
We then quantified tissue stiffness using atomic force microscopy (AFM)-based nanoindentation on the central region of the fin fold. The appearance of this tissue was indistinguishable between genotypes ( Fig. 6a ), ruling out obvious developmental defects. However, the elastic modulus was ~30% higher in mz ago2 −/− than in WT embryos, indicating increased mechanical rigidity (Fig. 6a) . Importantly, normal tissue stiffness was restored upon injection of in vitro transcribed mRNA encoding human AGO2 (hsAGO2 mRNA), demonstrating that the stiffness of this tissue is dependent on the level of Ago2 (Fig. 6a ). Following amputation, mz ago2 mutants exhibited slower repair than WT embryos, which was rescued by hsAGO2 mRNA (Fig. 6b ). WT and mz ago2 −/− wounds did not display differences in cell cycle progression, detected by proliferating cell nuclear antigen staining 30 , or in apoptosis, detected by TdT-mediated dUTP nick end labelling (TUNEL) 31 assay ( Supplementary Fig. 6c,d) . These results support that miRNAdependent suppression restrains tissue stiffness and contributes to tissue healing in vivo. Embryos were harvested and adhered to a soft surface of PDMS in egg water. Elastic moduli were measured with AFM using NanoScope Analysis 1.5 software to fit forcedeflection curves using the Sneadon model. At least 2 fin-fold regions within each of 10-11 embryos were tested for each genotype (WT: n = 50, mz ago2 −/− : n = 37, mz ago2 −/− + hsAGO2: n = 27 measurements; box plots indicate minimum, maximum, median and quartiles, single measures are represented by dots, combined data from 4 independent experiments, *P = 0.0284, **P = 0.0033, one-way ANOVA with Tukey's multiple comparisons test). b, Bright-field images of zebrafish fin folds at the indicated stages and genotypes (the head is to the left; scale bar, 0.1 mm). The dotted black line outlines the edge of the fin fold. Fin-fold regeneration was assessed from the distance between the wound edge and the embryo body. One-cell stage WT, mz ago2 −/− and mz ago2 −/− embryos rescued with 200 pg of hsAGO2 mRNA. Values were normalized for the size of the fin fold prior to injury (WT: n = 12, mz ago2 −/− : n = 11, mz ago2 −/− : n = 13 fish from 2 independent experiments, box plots indicate minimum, maximum, median and quartiles, dots indicate single-fish measurements, *P = 0.0168, ***P = 0.0038; ****P < 0.0001, two-way ANOVA with Sidak's multiple comparisons test). Source data can be found in Supplementary Table 8 . For Yap, the protein nuclear localization was represented. The nucleus/cytosol ratio was obtained using the DAPI channel to generate a binary mask and subtract nuclear YAP-GFP intensity from the total YAP-GFP detected (see Methods and Supplementary Fig. 7b ). d, Model for miRNA post-transcriptional regulation of structural protein function in mechanical tissue homeostasis. Increases in matrix stiffness and the resulting cell contractility increase integrin and actomyosin-dependent CAM signalling, which upregulates miRNAs that suppress CAM transcripts, thus restoring normal cell mechanics. PDLIM5, PDZ and LIM domain protein 5; TF, transcription factor; THBS1, thrombospondin 1. Source data can be found in Supplementary Table 8 .
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NATuRe Cell BIOlOgy miRNA-dependent CAM gene regulation limits tissue contractility during wound healing. Wounding triggers increased contractility and matrix rigidity as a rapid, first response 32 . According to our notion of mechanical homeostasis, these changes should activate negative-feedback mechanisms that restore mechanical equilibrium 3 . Thus, we examined matrix, actomyosin activation and the mechanosensitive translocation of Yap 21 before and after wounding the zebrafish fin fold in the WT embryo versus the mz ago2 mutant. As expected 27 , WT embryos showed increased staining for pMyosin, Ctgfa and fibronectin 27, 32 in the wound area between 0.5 and 2 h postamputation (h.p.a.) (Fig. 7a,b and Supplementary Fig.7a ). In comparison, mz ago2 −/− wounded fins showed strikingly elevated and persistent pMyosin staining at both 0.5 and 2 h.p.a., and higher levels of Ctgfa and fibronectin at 2 h.p.a. (Fig. 7a,b and Supplementary  Fig. 7a ). Consistent with the increase in tissue stiffness (Fig. 6a ), mz ago2− /− showed higher basal Yap nuclear localization than WT embryos that further increased at 0.5 h.p.a. and persisted at 2 h.p.a. (Fig. 7c and Supplementary Fig. 7b ). Thus, loss of miRNA-mediated suppression leads to an exaggerated mechanical response and impaired mechanical resolution during wound healing.
To correlate these effects with regulation of individual CAM genes, we generated zebrafish embryos carrying mutations in the two 3′ UTR MREs of the ctgfa gene ( Supplementary Fig. 7c,d) . These MREs are conserved in the human CTGF 3′ UTR, and their mutation had the largest effect in vitro ( Fig. 4c ). Accordingly, a GFP sensor mRNA bearing a ctgfa 3′ UTR fragment showed reduced expression in WT relative to mz ago2 −/− embryos, which required the MRE sites ( Supplementary Fig. 7c ). These results support miRNAdependent inhibition of ctgfa via the MREs in zebrafish. Embryos with mutated ctgfa MREs showed persistent pMyosin activation compared to WT embryos by 2 h.p.a. (Fig. 7b) , consistent with the induction of Ctgfa at 2 h.p.a. in the mz ago2 mutant (Fig. 7a ). However, no other differences were detected in the ctgfa MRE mutant embryos (Fig. 7a-c and Supplementary Figs. 6c,d and 7a,b) . These results support that post-transcriptional regulation of ctgfa contributes to specific Ago2-mediated mechanical effects within the miRNA-CAM mRNA network.
Discussion
We report that an unbiased analysis of miRNAs and their target genes in endothelial cells, together with functional assays in several biological systems, reveal the existence of a mechanosensitive miRNA-based programme that counteracts cell adhesion, cytoskeletal, contractile and matrix protein expression. This system functions in several cell types, across multiple species, and appears to be conserved throughout vertebrate evolution. Importantly, most of the protein-coding genes for synthesis and assembly of stiff ECM are targeted by miRNAs that are upregulated on stiff substrates. Thus, a 'buffer' is generated, in which increased matrix stiffness upregulates both CAM gene transcription and the miRNAs that suppress these transcripts. This miRNA regulome has the molecular and functional characteristics of a homeostatic mechanism, in which changes in cell contraction and matrix are counteracted to maintain normal tissue stiffness (Fig. 7d ).
Endothelial cells in vivo are also subject to wall stretch and fluid shear stress from blood pressure and blood flow, which were not examined here but which are likely to interact with cell responses to matrix stiffness. Interestingly, both of these variables are subject to negative-feedback regulation 4 , consistent with the general importance of mechanical homeostasis. Although the current studies dissected the post-transcriptional regulation of CAM proteins in stiffness homeostasis, a deeper understanding of these mechanisms will need to address the interplay between RNA regulation, stiffness, shear stress in endothelial and other cells subject to external forces.
A network-mediated mechanism for stiffness homeostasis, rather than regulation of one or a few CAM genes, would be expected to increase the robustness of the system. Multiple miRNAs can regulate a large cohort of CAM genes via different MREs, whereas different cell types can do so by controlling the expression and processing of tissue-specific mature miRNAs [33] [34] [35] . However, we speculate that these miRNA networks are likely to be subelements within a larger and more robust network of negative and positive circuits, connected by multiple nodes, that mediate tissue homeostasis over the multiple decades of human life 36 . Such nodes could develop within a hierarchy of epigenetic factors in which, for example, the activation of YAP/TAZ and its direct target gene CTGF, may be one of the upstream components.
A role for miRNAs in tissue mechanical homeostasis is supported by the widespread deregulation of miRNAs during lung, renal, cardiac and liver fibrosis, including miRNAs that target ECM proteins [37] [38] [39] . Idiopathic lung fibrosis is also linked to reduced levels of miRNAs that target the ECM, cytoskeletal and transforming growth factor-β pathways genes [40] [41] [42] . All of these studies reported reduced levels of miR-29 species, in contrast to our finding that, in normal cells, miR-29 species are increased on stiff substrates. These results are consistent with the notion that fibrotic disease involves disruption of normal stiffness miRNA-dependent homeostasis 43 .
Cells and tissues with impaired regulation of miRNAs upon AGO2 or DROSHA partial loss of function show defective adaptation to stiffness. The degree of such effects could be related to the corresponding miRNAs levels. Although model organisms that completely lack miRNAs do not develop properly, heterozygous mutants of Ago2 do not manifest obvious phenotypes 44 . Further studies will be necessary to test whether this model has tissue stiffness defects in normal conditions and/or respond abnormally to perturbations, such as wounding, or during ageing.
miRNA-dependent post-transcriptional regulation of structural proteins provides a concrete molecular mechanism that can explain how healthy tissues sustain optimal mechanical properties. Thus, these findings are an important step towards understanding the pathological alterations that result in fibrotic and related diseases. Characterizing the stiffness-dependent RNA metabolism of cytoskeleton and matrix transcripts, their possible regulation under other physical forces and elucidating the complete regulatory network that mediates long-term mechanical robustness are the essential tasks for future studies.
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Methods Cell culture. HUVECs and HUAECs were purchased from Cell Applications Inc. (catalogue no. 200-05n and catalogue no. 202-05n). Endothelial cells were cultured on dishes coated with 0.2% w/v gelatin (10 min at room temperature in PBS; Sigma) in endothelial cell growth medium (EGM Bullet Kit, Lonza). For HITS-CLIP assays, cells were used at P3 (split 1/3 and 1/5) before UV crosslinking. For other assays, cells were split 1:3 twice per week and used until passage 5. HDFs were purchased from the American Type Culture Collection (ATCC; catalogue no. PCS-201-010, lot no. 63014910) and cultured on 0.2% w/v gelatin-coated dishes in fibroblast growth medium (Fibroblast Growth Kit-Low Serum; PCS-201-041, ATCC). HDFs were split 1:10 twice per week and used until passage 6.
Primary fibroblasts. Primary dermal fibroblasts for 3D fibrin gel assays were obtained from 5 to 8-week-old C57BL/6 mice (Envigo). This study is compliant with all relevant ethical regulations regarding animal research. All procedures were in accordance with the UK Home Office regulation and UK animals (Scientific Procedures) Act of 1986 for the care and the use of animals. Mice were killed by a schedule 1 procedure by trained personnel. Mouse hair was removed and skin dissected in Hank's buffer supplemented with antibiotic and antimycotic solution (Sigma). Fat and excess connective tissues were removed, the dermis was minced with a scalpel and digested in buffer containing 0.25% trypsin without EDTA (Gibco), collagenase IV (4 mg ml −1 (Worthington)) and calcium chloride (0.3 mg ml −1 (Sigma)) for 3 h at 37 °C with agitation during the last hour. After mechanical dissociation, cells were passed through a cell strainer (100 µ m; Fischer Scientific). Cells were centrifuged at 1,800 r.p.m. for 5 min, resuspended in DMEM supplemented with 10% FBS (Sigma), penicillin (100 U ml −1 ), streptomycin (100 µ g ml −1 ) (Gibco) and 1% l-glutamine, and seeded in 75-cm 2 tissue culture flasks. Medium was changed at 3 h and subsequently changed once a day.
AGO2-HITS-CLIP.
The HITS-CLIP experiment was performed as previously described 13 . Subconfluent endothelial cells in EGM were UV crosslinked two times with 400 mJ cm −2 in Stratalinker (model 2400, Stratagene), lysed and treated with DNase (1:1,000 Promega RQ1 DNase) and RNase T1 (1:100; Thermo Fisher). Cell lysates and Protein A Dynabeads (Invitrogen) complexed with Ab-panAGO-2A8 (MABE56, Millipore) were incubated at 4 °C for 4 h. Beads were subsequently washed and ligated with 3′ -P32-radiolabelled linker (RL3; Supplementary Table  6 ). SDS-PAGE was performed using NuPage 4-12% Bis-Tris Gel (NP0321, Invitrogen), and proteins were transferred onto pure nitrocellulose membrane (BioTrace) using NuPAGE transfer buffer according to the manufacturer's instructions. High-performance autoradiography film was exposed overnight at − 80 °C. The bands corresponding to AGO2-miRNAs (~110 kDa) and AGO2:RNA (~130 kDa) were cut and treated with proteinase K (Roche) to degrade proteins. RNAs were extracted and purified via phenol-chloroform, then a 5′ -linker oligonucleotide (Supplementary Table 6 ) was ligated to the ends. cDNA libraries were generated using DNA oligos complementary to RL3 and SuperScriptIII reverse transcriptase (Invitrogen). Products were then PCR amplified using specific primers (DP5 and DP3; Supplementary  Table 6 ) and purified via agarose PAGE 1% using a gel extraction kit (Qiagen). A second round of PCR was performed, using custom Illumina Hi-Seq primers with three different barcodes to multiplex the libraries (DSFP5, DSFP3-Index1, DSFP3-Index4 and DSFP3-Index8; Supplementary Table 6 ). Products were PAGE purified using the gel extraction kit, and libraries were analysed by the YCGA Sequencing Facility (New Haven, CT, USA) using a customized Illumina primer (SSP1; Supplementary Table 6 ).
HITS-CLIP data analysis.
Prior to aligning sequencing reads, the raw data were analysed for quality steps to reduce artefacts: adapters were removed from raw reads, filtered according to quality scores and exact sequence duplicates were collapsed. Remaining reads were aligned using STAR RNA-seq aligner (version 2.4.1a) 47 using the UCSC hg19 reference human genome. A minimum of 10 bases matched was enforced, only unique reads were used and a maximum of 3 mismatches were allowed. Replicates were merged using SAMtools (version 1.2) 48 and the aligned reads were analysed with Piranha using a bin size of 30 bp. All identified peaks with P < 0.05 were mapped to Gencode version 22 annotation.
Conservation between artery and vein samples was calculated for each identified peak using PhastCons 100 conservation scores. Using Piranha peaks setting, a Wilcoxon rank sum test was performed to compare the difference in distribution of conservation score across samples.
For miRNA identification, reads were aligned using Novoalign (Novocraft; http://www.novocraft.com/products/novoalign/) against human miRNA sequences from miRBase (release 21) 49 . The miRNA expression levels were quantified as reads per million (RPM). Endothelial miRNAs identified in AGO2-HITS-CLIP were divided into families based on 8mer SEED regions.
Using TargetScan software 50 , these miRNA SEED families were associated to the AGO2-HITS-CLIP peaks based on the putative MRE.
To test the expression of CAM versus other genes in cultured endothelial cells, we examined previously published microarray data performed in freshly isolated versus cultured HUVECs and HUAECs (Gene Expression Omnibus (GEO) ID: GSE43475) 51 . Standard microarray analysis for differential gene expression was performed using packages simplyaffy (http://bioinformatics.picr.man.ac.uk/ simpleaffy/) and limma 52 from Bioconductor (http://www.bioconductor.org/).
CRISPR-Cas9 strategy to generate mutant primary cells. To mutate AGO2
in HUVECs and HDFs, a pLentiCRISPR vector containing an AGO2 or a nontargeting gRNA (control, which does not target known mouse or human genome sequences) was used ( Supplementary Table 6 ). Lentiviruses were generated by transfecting Lenti-X 293T cells (Clontech) with packaging vectors (2.5 µ g VSV; 5 µ g pxPAX2, Addgene) and the pLentiCRISPR DNA vector (7.5 ug) using Lipofectamine 2000 (Invitrogen). Virus containing supernatant was collected at 36 and 60 h post-transfection. Supplementary Fig. 2b shows a schematic of the approach. Cells were infected with the pLentiCRISPR virus containing AGO2 gRNAs or non-targeting gRNAs in the presence of polybrene (8 µ g ml −1 ). To generate cells with mutant MREs, similar vectors were generated to target the selected MRE sequences identified in the AGO2 HITS-CLIP experiment and confirmed via Sensor-seq. The complete lists of genes and gRNAs are reported in Supplementary Table 6 . Cells were cultured for 7-10 d (up to a maximum of passage 5) prior to seeding on gels for immunostaining or traction force microscopy. Reduced AGO2 expression was confirmed by western blot at 7 and 10 d post-infection. Cells were lysed in RIPA buffer with protease and phosphatase inhibitor cocktail (Roche) on ice. Samples were loaded onto 8% or 4-12% SDS-PAGE gels, transferred on a Immun-Blot PVDF membrane (Bio-Rad), blocked with 10% milk for 2 h and incubated with rabbit anti-AGO2 (1:2,000; Cell Signaling) and mouse anti-β -ACTIN (Santa Cruz) overnight at 4 °C. Secondary antibody incubation was done with anti-mouse-horseradish peroxidase (HRP) and anti-rabbit-HRP (1:4,000; Santa Cruz) for 1 h. For blots of other proteins following MRE mutation, target protector or knockdown, membranes were blocked with 5% w/v BSA in PBS 0.1% Tween for 1 h and incubated with primary antibody for RHOB (1:200; sc-8048, Santa Cruz), CTGF (1:1,000; ab6992, Abcam), VINCULIN (1:2,500; V9131, Sigma-Aldrich), STMN1 (1:10,000; ab52630, Abcam), DROSHA (1:5,000; ab183732, Abcam) or GAPDH (1:4,000; 2118, Cell Signaling) overnight at 4 °C. After washing, membranes were incubated with secondary antibody antirabbit-HRP or anti-mouse-HRP (1:4,000; 7076P2 and 7074S, Cell Signaling) for 1 h at room temperature in 5% BSA TBST. After washing, blots were developed with super signal west pico chemiluminescent substrate (Thermo) using a SYNGENE G-Box imager.
Single amplicons of ~300 bp were generated using primes equidistant from the putative region of mutation. PCR amplicons were combined and sent to YGCA Sequencing Facility for MiSeq 2 × 250 analysis. After sequencing, single amplicons were demultiplexed and single reads were used for multiple sequence alignment (msa) against the WT sequence using the R msa package 53 . The frequency of each mutation was calculated as total reads for each CAM gene mutation divided by the sum of all of the reads aligned to a specific CAM gene, and plot as a bar plot.
To mutate Ago2 in mouse fibroblasts, pLentiCRISPRV2 (Addgene) vectors containing Ago2 or non-targeting gRNAs (control, as above) were used. P0 fibroblasts at 80% confluence were infected with lentivirus containing either non-targeting or Ago2 gRNA in the presence of 4 mg ml −1 polybrene for 16 h. Culture medium was changed and cells were incubated for 72 h. Infected cells were selected in medium with 0.5 ug ml −1 puromycin for 48 h (this concentration efficiently kills all control cells) and then cultured for another 96 h before use in matrix constructs. Reduced Ago2 expression in mouse fibroblast constructs was confirmed by western blot at 5 d. Matrix constructs were washed with cold PBS, frozen in liquid nitrogen, then homogenized with metallic beads in a Bullet Blender (Strom 24, Next Advance) in protein extraction buffer (1.1% sodium dodecyl sulphate, 0.3% sodium deoxycholate, 25 mM dithiothretol, in 25 mM ammonium bicarbonate with complete anti-protease and anti-phosphatase; Roche). Protein samples were loaded in a 4-12% Nu-Page pre-casted gel (Thermo Scientific) for electrophoresis (200 V for 50 min), transferred to nitrocellulose membrane (Bio-Rad), blocked for 1 h with Odyssey PBS blocking buffer (LI-COR Biosciences) and incubated overnight with antibodies against Ago2 (1:2,000; Cell Signaling) and β -actin (1:5,000; Abcam). After washing in PBS-Tween, membranes were incubated with Alexa Fluor-680 anti-mouse and Alexa Fluor-800 antirabbit (both from Thermo, 1:15,000). Membranes were scanned with an Odyssey CLX NIR scanner (LI-COR Biosciences) and fluorescence intensity of the bands quantified with the Image Studio software (LI-COR Biosciences).
shRNA knockdown of DROSHA and miRNA target protector for CTGF. Knockdown of DROSHA was performed using Dharmacon shRNA SMARTvectors (GE Healthcare). Lentivirus was prepared in Lenti-X 293T cells as before using a non-targeting negative control short hairpin RNA (shRNA) and two shRNAs directed at DROSHA (negative control shRNA, shDRO#1 and shDRO#2; Supplementary Table 6 ). Experiments were performed with shDRO#2 (~95% knockdown at 5 d). DROSHA knockdown was verified by immunoblot as before with DROSHA antibody (1:5,000; ab183732, Abcam).
Disruption of the miRNA-MRE interaction with the CTGF gene was performed using a miScript Target Protector (Qiagen) directed at the MRE within the human CTGF gene. The CTGF target protector (CTGF_1_TP,catalogue no. MTP0079186) or the negative control target protector (catalogue no. MTP0000002) were transfected into P2 HUVECs at 20 nM using Lipofectamine Polydimethylsiloxane and polyacrylamide substrates. Polydimethylsiloxane (PDMS) substrates were cast in the bottom of 10-cm tissue culture dishes or #1.5 cover-glass bottomed 35-mm Mattek dishes (for imaging studies). Soft (3 kPa) gels were made using a 1/1 ratio (by weight) of PDMS components A and B (CY 52-276 A and B, Dow Corning), degassed for 30 min in a vacuum desiccator and cured for 24 h at room temperature. Stiff (30 kPa) gels were made using a 40/1 ratio (by weight) of SYLGARD 184 components B and C (SYLGARD 184, Dow Corning), degassed for 30 min and cured for 3 h at 70 °C. Prior to seeding, gels were washed with PBS, sterilized with UV for 20 min and coated with bovine plasma fibronectin (10 µ g ml −1 in PBS) overnight at 4 °C.
Polyacrylamide gels were prepared using a protocol modified from previously published methods 54 . Briefly, 30-mm glass bottom dishes were activated with glacial acetic acid, 3-(trimethoxysilyl) propyl methacrylate and 96% ethanol solution (1/1/14 ratio, respectively) for 10 min at room temperature. For fibronectin protein conjugation (1 mg ml −1 ) on the polyacrylamide gel, acrylic acid N-hydroxysuccinimide ester was partially mixed as a substitute of acrylamide. Each stiffness was prepared with the ratio shown in Supplementary Table 9 , which was previously reported 54 .
RNA, miRNA and Sensor-seq library preparation. Total RNA was extracted from three replicates of cultured HUVEC or HDF cells seeded on 3 kPa or 30 kPa PDMS using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. For mRNA libraries, total RNA was treated with DNA-free DNase (Ambion) and 500 ng of treated RNA was used to prepare Lexogen QuantSeq 3′ mRNA-Seq FWD libraries for Illumina deep-sequencing according to the manufacturer's protocols. Libraries were amplified with 12 PCR cycles. miRNA libraries were prepared from 1 µ g of total RNA using the NEBNext Small RNA Library Kit (NEB) following the gel size selection method in the manufacturer's protocol and submitted for Illumina sequencing. For the Sensor-seq library, a customized oligonucleotide library was synthetized by Integrated DNA Technologies. The sequence of each individual oligonucleotide was obtained from Piranha analysis (see Supplementary  Table 4 ), extending the genomic coordinate of each peak by 20 nt at the 3′ and 5′ regions. Ninety-seven peaks with at least 1 predicted MRE, representing 51 CAM genes, were selected. In addition, all sensor oligonucleotides contained restriction enzyme sites, AscI and NheI, allowing for PCR base amplification and cloning. The oligonucleotide library was resuspended in 480 μ l of water, diluted 1:100 and PCR amplified using the Phusion HotStart II HF kit and AscI forward and NheI reverse primers ( Supplementary Table 6 ). PCR-amplified libraries were purified using a PCR purification kit (Qiagen) and double digested for 2 h at 37 °C.
Sensor-seq backbone 18 containing a bidirectional promoter for UbC upstream of the genes encoding copGFP and mCherry, was kindly provided by J. Lu, Yale University. After sensor backbone digestion with AscI and NheI, the MRE oligo library was cloned into the 3′ UTR of mCherry. Ligation using T4 DNA ligase (Promega) was incubated for 16 h at 16 °C, then transformed into DH5-α , and pooled colonies were used to prepare a library Maxi prep (Qiagen).
Lentiviruses for the expression of the CAM MRE sensor library were generated as above using Lenti-X 293T cells. For FACS analysis, additional control lentiviruses expressing GFP alone, mCherry alone, miRNA sensor lacking a MRE (empty sensor plasmid, negative control) and miRNA sensor with a synthetic MRE for miR-125 (miR-125 sensor plasmid, positive control) were used.
RNA-seq and miRNA-seq data analysis. Total RNA and miRNA were aligned against the human genome version GRCh38 using the GENCODE 22 transcript annotation, using STAR alignment software with the same parameters used for the ENDOCE project (www.encodeproject.org).
After alignment, differential gene expression of RNAs or miRNAs between endothelial cells seeded on 30-and 3-kPa substrates was computed using the negative binomial distributions via edgeR using standard parameter Genes 55, 56 . The levels (log 2 fold change) of CAM RNAs and SEED matching miRNAs to CAM MRE sensors were combined and represented in the CIRCOS plot.
FACS and Sensor-seq analysis.
For FACS experiments, cells were infected with low levels of the library or control lentivirus in the absence of polybrene to avoid multiply infected cells (10-20% of cells infected). After 48 h, cells were trypsinized and seeded onto soft (3 kPa) or stiff (30 kPa) fibronectin-coated PDMS dishes at low density (150,000 cells per 10-cm dish) for 2 d. Cells were then washed once with PBS, trypsinized, centrifuged for 5 min at 300g and resuspended in PBS at 500,000 cells per ml immediately before FACS analysis. Infected cells were sorted on a BD FACSAria II and analysed with FACSDiva 7. Four sorting gates were set based on the two control plasmids (empty sensor and miR-125 sensor). The upper limit bin (not suppressed) was designed to contain 90% or more events per cells infected with the empty sensor and less than 0.5% of events for the miR-125 sensor. Conversely, the lower two bins (strongly suppressed and suppressed) were designed to contain 90% of events coming from cells infected with the miR-125 sensor, in a ratio close to 3/2 (~60% of events in the strongly suppressed bin and ~40% of events in the suppressed bin). The third bin (mildly suppressed) was set between the not suppressed and the suppressed bins. For clarity, the contour plot represents the total percentage of event in each single bins, grouped in an 'island' of 15% probability were shown for the empty sensor, miR-125 sensor, sensor library at 3 kPa and sensor library at 30 kPa.
After sorting of cells into each bin, genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen) and the MREs were PCR amplified using specific forward primers to barcode each bin (strongly suppressed, suppressed, mildly suppressed, not suppressed and a reverse primer; Supplementary Table 6 ). PCR was performed using Phusion HotStart II HF with a melting temperature of 59 °C for 20 s. The libraries were purified using a gel extraction kit (Qiagen). The primers used contain barcodes for multiplexing and were designed to hybridize with Illumina sequencing.
Computational analysis of Sensor-seq was performed using R. First, the number of reads for each sensor MRE was divided by the total number of reads in the entire experiment and multiplied by 1 million to get the RPM for each sensor. To calculate the frequency of sensor MREs in each bin, the RPM was divided by the total RPM for all four bins of the experiment for that sensor, giving frequency values for each MRE in each bin at each stiffness. MREs that showed a dominant bin (with frequency values above 0.375, that is, non-random) were compared at 3 kPa versus 30 kPa. In Fig. 2c , CAM MREs were then plotted based on the reproducible tendency to be enriched in the same bin at a given stiffness but not the other for three independent experiments. MREs that shifted towards a more suppressed bin on 30 kPa than on 3 kPa were plotted as CAM MRE 30 kPa (bottom left of plot). MREs that shifted towards a more suppressed bin on 3 kPa than on 30 kPa were plotted as CAM MRE 3 kPa (upper right of plot). RNA-seq (red) and proteomics (green) data for each of these proteins were plotted and linked with the miRNA-seq (for miRNAs predicted to bind to these MREs). The regulation of CAM MREs by miRNAs (stars, Fig. 2c ) was further validated by individual MRE mutagenesis followed by functional assays.
Mass spectrometry sample preparation and analysis.
Cell pellets were lysed in 50 µ l of 25 mM ammonium bicarbonate (Fluka) buffer containing 1.1% SDS (Sigma), 0.3% sodium deoxycholate (Sigma), protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Merck). Six 1.6-mm steel beads (Next Advance) were added and samples were homogenized with a Bullet Blender (Next Advance) at maximum speed for 2 min. Homogenates were subjected to centrifugation (12 °C at 10,000 r.p.m. for 5 min). Lysates were added to 150 µ l digest buffer (1.33 mM CaCl 2 Sigma) in 25 mM ammonium bicarbonate) containing immobilized trypsin beads (Perfinity Biosciences) and shaken at 1,400 r.p.m. overnight at 37 °C. The resulting digests were reduced with 4 µ l of 500 mM dithiothreitol (Sigma; in 25 mM ammonium bicarbonate; for 10 min shaking at 1,400 r.p.m. at 60 °C) and alkylated with 12 µ l of 500 mM iodoacetamide (Sigma; in 25 mM ammonium bicarbonate; for 30 min shaking, in the dark, at room temperature). Trypsin beads were removed by centrifugation (10,000 r.p.m. for 10 min). Supernatant were transferred to 1.5 ml 'LoBind' Eppendorf tubes and acidified with 5 µ l 10% trifluoroacetic acid (Riedel-de Haën) in water and cleaned by two-phase extraction (3× addition of 200 µ l ethyl acetate (Sigma), followed by vortexing and aspiration of the organic layer). Peptides were desalted with POROS R3 beads (Thermo Fisher) using the manufacturer's protocol and lyophilized. Peptide concentrations were measured by spectrophotometer (Direct Detect, Millipore) and adjusted to 200 ng µ l −1 in injection buffer (5% HPLC grade acetonitrile and 0.1 % trifluoroacetic acid in deionized water (Fisher Scientific)). LC-MS/MS was performed using an UltiMate 3000 Rapid Separation liquid chromatography system (RSLC, Dionex Corporation) coupled to a Q Exactive HF mass spectrometer (Thermo Fisher). Peptides were separated using a multistep gradient from 95% A (0.1% formic acid in water (Fisher Scientific)) and 5% B (0.1% formic acid in acetonitrile) to 7% B at 1 min, 18% B at 58 min, 27% B at 72 min and 60% B at 74 min at 300 nl min −1 , using a 75 mm × 250 μ m inner diameter 1.7-µ M CSH C18, analytical column (Waters). Peptides were selected for fragmentation automatically by data-dependent analysis.
Mass spectrometry data processing and protein quantification. All sample spectra were aligned using Progenesis QI (Nonlinear Dynamics) with manual placement of vectors where necessary. Default parameters were used except where noted. Peak-picking sensitivity was set to 4/5. Peptides with charges between + 1 and + 4, with 2 or more isotopes, were selected for analysis. Peptide identities were assigned using Mascot (Matrix Science), searching against the SwissProt and TREMBL mouse databases. The database was modified to search for cysteine alkylation (monoisotopic mass change: 57.021 Da), oxidized methionine (15.995 Da), hydroxylation of asparagine, aspartic acid, proline or lysine (15.995 Da) and phosphorylation of serine, tyrosine or threonine (79.966 Da). A maximum of two missed cleavages was allowed. Peptide intensities were exported as Excel (Microsoft) spreadsheets for processing with MATLAB (The MathWorks). Peptide identifications were filtered via Mascot scores, selecting only those with a Benjamini-Hochberg false discovery rate of < 0.05. Raw ion intensities from peptides belonging to proteins with fewer than two unique (by sequence) peptides per protein in the data set were excluded from quantification. Peptides from CAM proteins were only used for quantification if they were unique to the protein (that 1 nature research | reporting summary A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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